Introduction 93
Yersinia pestis, the causative agent of plague, is a Gram-negative bacterium that predominantly 94 infects rodents and is transmitted by their ectoparasites such as fleas. As a zoonosis, it is also 95 able to infect humans with a mortality rate of 50-100 % without antibiotic treatment (1), 96 manifesting as bubonic, septicaemic or bubonic plague. After the pathogen spread worldwide 97 at the end of the 19 th century in the so-called Third Pandemic that started in 1855 in Yunnan, 98
China, it established new local foci in Africa and the Americas in addition to the ancient foci 99 that exist in Central and East Asia. Today, Y. pestis causes sporadic infections every year and 100 even local recurrent epidemics such as documented in 2017 in Madagascar (2). 101
Although recent palaeogenetic analyses have been able to reconstruct an ancient form of Y. 102 pestis that infected humans as early as in prehistoric times (2,800 to 1,700 BCE (3-5)) the First 103
Pandemic (541-750) is the earliest historically recorded pandemic that has been clearly 104 attributed to Y. pestis (6, 7), starting with the fulminant Justinianic Plague (541-544). It was 105 later followed by the Second Pandemic, which started with the Black Death of 1347-1353 (8, 106 9) and persisted in Europe until the 18 th century (10-12). 107
First attempts in the 2000s aimed to amplify Y. pestis-specific DNA fragments from burials of 108
to Y. pestis and was sequenced to a greater depth without enrichment to yield a mean 160 chromosomal coverage of 9.1-fold. 161
162

SNP Evaluation 163
In the context of ancient pathogen DNA, there are three possible sources for false positive 164
SNPs: First, DNA damage such as deamination of cytosine to uracil can lead to 165 misincorporation of nucleotides during sample processing (21). Second, the mapping of closely 166 related environmental species to the reference sequence of the target organism is likely, 167 especially for conserved regions of the genome (22). Third, mapping of short reads is more 168 prone to mismapping and calling of false positive SNPs generated at sites of genome 169 rearrangement. Whereas the first source can be circumvented via in vitro protocols like UDG 170 treatment (23), the latter two can be reduced but not eliminated with strict mapping parameters 171 and exclusion of problematic regions (24) as applied here. A fourth source for false SNP 172 assignments could result from multiple genetically distinct strains that would lead to a chimeric 173 sequence. The later was not observed in our data ( Fig. S1 ) and this phenomenon might be 174 limited to chronic infections with pathogens such as Mycobacterium tuberculosis, where mixed 175 infections have been previously documented (25) . 176
The retrieval of genomes that span a wide geographic area gives us the opportunity to assess Y. 177 pestis microdiversity present in Europe during the First Pandemic. Given that our genomes are 178 of relatively low genomic coverage, we critically evaluated uniquely called and shared SNPs 179 among the First Pandemic genomes in order to accurately determine their phylogenetic position. 180
This analysis was performed for all genomes retrieved from UDG-treated libraries with higher 181 than 5-fold mean coverage, including the previously published high-quality Altenerding 182
genome (17.2-fold mean coverage). 183
For this, we developed the tool 'SNPEvaluation' and defined three different criteria, all 184 applying for a 50 bp window surrounding the SNP: (A) Comparing the mean coverage after 185 BWA mapping with high and low stringency and excluding all SNPs that showed a higher 186 coverage under low stringent mapping than in high stringent mapping. In metagenomic 187 datasets, reads of related species map frequently to conserved regions in the reference genome. This evaluation was applied to all SNPs identified as unique to the First Pandemic lineage, 197 totalling between one and 15 per genome, respectively (Table S5) . 17 authentic derived 198 chromosomal SNPs and an additional one detected on the pMT1 plasmid were found across all 199 seven genomes (Table S6) Since the Altenerding genome shows the highest coverage (6), all SNPs previously presented 209 as unique SNPs for this genome were evaluated as potentially shared SNPs when they appeared 210 in at least one of the new genomes -excluding the position shared exclusively with DIT003.B 211 and UNT004.A. We applied the exact same parameters as for the unique SNPs, but also 212 considered positions with less than 3-fold coverage (Table S7) . Only SNPs that pass all three 213 criteria of our SNP evaluation in at least half of the analysed genomes (i.e., four out of seven) 214 were accepted as true shared SNPs, reducing the number from 53 identified in a previous study 215 derived SNP) as true positive after visual inspection. Regardless, metrics determined in the SNP 227 evaluation are still reported for comparison. 228
229
Phylogenetic analysis 230
A set of 233 modern Y. pestis genomes (Table S8) Our maximum likelihood tree (28) constructed from the full SNP alignment reveals that all of 237 the genomes presented here occupy positions on the same lineage ( Fig. 2A, Fig. S2 ). This 238 confirms their authenticity and is congruent with previous association of this lineage to the First 239 Pandemic (541-750). In addition, the previously reported genome from Altenerding (2148) Intriguingly, the most derived First Pandemic genome from Lunel-Viel shows a deletion of two 258 chromosomal virulence factors, mgtB and mgtC (Fig. 3) . These magnesium transporters are partenvironment of macrophages. However, functional studies on mgtB hint at an important role 261 during macrophage invasion rather than intracellular survival (32). 262 A second deletion was observed for the gene YPO2258, categorized as a potential virulence 263 factor based on the presence of a frame shift mutation in the avirulent 0.PE2_Microtus91001 264 strain (30) . Its inactivation in the 2.ANT1_Nepal516 strain, isolated from a human patient, 265 nevertheless indicates that this gene is not essential for virulence in humans (33). 266
Further exploration of the deletion of the two neighbouring genes mgtB and mgtC revealed that 267 they are part of a ca. 45 kb deletion (positions 1,883,402 to 1,928,869 in the CO92 reference), 268 affecting 34 genes including multiple motility (motA, motB) and chemotaxis genes (cheA, cheB, 269 cheD, cheR, cheW, cheY, cheZ) (Fig. S4) . On the downstream end, the deletion is flanked by an 270 IS100 insertion element. A potential upstream insertion element might be undetectable at our 271 current resolution due to a genome rearrangement in the reference genome CO92. This is in 272 agreement with previous findings concerning the highly abundant IS100 element in Y. pestis, 273
responsible not only for disruptions of multiple genes caused by homologous recombination 274 (27), but also for the loss of the 102 kb long pgm locus containing a high-pathogenicity island 275 in several strains (34). To address the specificity of this deletion to the 6 th -7 th century strain 276 from France, we also investigated the presence of the two virulence factors in all other modern 277 and ancient strains in this study. Intriguingly, a similar deletion affecting the same region 278 Here, we present a novel approach for SNP authentication using a semi-automated SNP 316 evaluation. We selected three criteria for our evaluation to assess the likelihood of mismapping. 317
We excluded all SNPs that (A) had higher coverage when mapped with less strict parameters, 318 (B) had 'heterozygous' positions in close proximity or (C) were flanked by gaps. With these 319 filters, we tolerate a loss of sensitivity to increase specificity, which is critical for detection and 320 characterization of microdiversity. Moreover, the tool 'SNPEvaluation' that was newly 321 developed for this analysis offers a highly flexible framework for the assessment of VCF files 322 and can be utilized also for a variety of analyses on different organisms. 323 324 325
Phylogenetic analysis 327
We were able to confidently reconstruct six new genomes from the First Pandemic in Britain, 328
France, Germany and Spain, providing insights into the microdiversity of Y. pestis in Europe 329 between the 6 th and 7 th centuries. 330
Our presented genomes add diversity to a phylogenetic lineage that was previously shown to 331 contain two identical 6 th century genomes of southern Germany (Aschheim and Altenerding (6, 332 (Fig. 1, (50) ). Interestingly, the genome was recovered from a single burial, 407
underlining that in small settlements, plague-induced mortality crises need not always involve Table 1 gives an overview of all tested sites. 497
For the first focus, we collected samples of 79 individuals from 46 burials belonging to 16 498 archaeological sites in Bavaria, Germany and one site in Austria (See Fig. 1B) . The dating of 499 the burials spans the 4 th to 10 th century, including also burials dating before (8 individuals on 3 500 sites) and after (17 individuals on 5 sites) the Justinianic Plague (541-544). Since mass graves 501 that could be indicative of an epidemic are unsurprisingly rare for the small settlements 502 associated with early medieval cemeteries in Bavaria, we followed the approach of the previous 503 successful studies (6, 7, 17): we systematically screened multiple burials, i.e., where two or 504 (Table S1) . 536 537 Sample Preparation, DNA Extraction, qPCR and MALT Screening 538
The sample preparation and DNA extraction for samples from Austria, France, Germany and 539
Spain was done in the ancient DNA facilities of the ArchaeoBioCenter of the University of 540
Munich, Germany, and the Max Planck Institute for the Science of Human History in Jena, 541
Germany. 542
All teeth were cut along the cementoenamel junction and the surface of the pulp chamber was 543 drilled out with a dental drill from the crown and in some cases the root, aiming for 30 to 50 mg 544 of bone powder. DNA was extracted based on the protocol published in (58): The powder wasand soaked in 70 % Ethanol for 2 min, transferred to a clean paper towel on a rack inside the 563 glove box, UV irradiated for 50 min on each side, and then allowed to dry. They were weighed 564 and transferred to clean, UV-irradiated 5 ml or 15 ml tubes for chemical extraction. Per 100 mg 565 of each sample, 2 ml of EDTA Buffer (0.5 M pH 8.0) and 50 µl of Proteinase K (10 mg/ml) 566 were added. Tubes were rocked in an incubator for 72 h at room temperature. Extracts were 567 concentrated to 250 µl using Amplicon Ultra-15 concentrators with a 30 kDa filter. Samples 568 were purified according to manufacturer's instructions using the Minelute TM PCR Purification 569
Kit with the only change that samples were incubated with 50 µl Elution Buffer at 37 °C for 570 10 min prior to elution. 571 572
Library Preparation 573
Of putatively positive extracts in the qPCR screening, 50 µl were turned into Illumina double-574 Based on this, we excluded the samples PEI001.A and DIR002.A as false positives (Table S2) . 634
The raw data of the Aschheim and Altenerding genomes were processed identically, however 635 considering only the A120 sample for Aschheim (6, 7). 636
637
SNP Calling and Evaluation 638
All genomes recovered from UDG-libraries with higher than 5-fold mean coverage including 639 the Altenerding genome were assessed in the SNP analysis. Additionally, the sample 640 WAG001.A was evaluated to explore its phylogenetic position, since it was the only positive 641 sample of the relevant site. 642
The UnifiedGenotyper within the Genome Analysis Toolkit was used for SNP calling and 643
creating VCF files for all genomes, using 'EMIT_ALL_SITES' to generate calls for all 644 positions in the reference genome. For the subsequent analyses, 233 previously published 645 modern Y. pestis genomes (Table S8) , one genome from 2 nd to 3 rd century Tian-Shan mountains 646 allowing for more mismatches in the latter. SNPs were called true positive when meeting the 664 following criteria within a 50 bp window: (A) the ratio of mean coverage of low stringent to 665 high stringent mapping is not higher than 1, (B) no 'heterozygous' positions, (C) no non-666 covered positions (Table S5) . SNP evaluation on the plasmids was done using the same criteria 667 after mapping to the individual references as described above. For the SNP effect analysis, the 668 remaining unique true SNPs were compared to the genome annotations of the CO92 Y. pestis 669 reference genome (Table S6) . 670
Shared SNPs (Table S7) were evaluated with the same criteria with minor modifications: The 671 minimum threshold for calling a position was set to 1 read covering and SNPs were called true 672 positive, if the SNP passed the criteria in more than half of the genomes under examination. 673
The genome of EDI001.A from Edix Hill was only included in the presented SNP evaluation 674 for comparison, since it is derived from a non-UDG library and damaged sites interfere with 675 both the comparative mapping and the count of heterozygous positions. 676
The Aschheim genome was evaluated separately (Table S8 ) but with the same criteria. As 677 previously addressed (6), the enormously high number of false positive SNPs might not be 678 
Data availability 737
The raw sequencing data of the relevant plague positive samples will be available on the 738 European Nucleotide Archive under project accession number PRJEB29991 upon publication. 739 
